During infection, viruses undergo conformational changes that lead to delivery of their genome into host cytosol. In human rhinovirus A2, this conversion is triggered by exposure to acid pH in the endosome. The first subviral intermediate, the A-particle, is expanded and has lost the internal viral protein 4 (VP4), but retains its RNA genome. The nucleic acid is subsequently released, presumably through one of the large pores that open at the icosahedral twofold axes, and is transferred along a conduit in the endosomal membrane; the remaining empty capsids, termed B-particles, are shuttled to lysosomes for degradation. Previous structural analyses revealed important differences between the native protein shell and the empty capsid. Nonetheless, little is known of A-particle architecture or conformation of the RNA core. Using 3D cryo-electron microscopy and X-ray crystallography, we found notable changes in RNAprotein contacts during conversion of native virus into the A-particle uncoating intermediate. In the native virion, we confirmed interaction of nucleotide(s) with Trp 38 of VP2 and identified additional contacts with the VP1 N terminus. Study of A-particle structure showed that the VP2 contact is maintained, that VP1 interactions are lost after exit of the VP1 N-terminal extension, and that the RNA also interacts with residues of the VP3 N terminus at the fivefold axis. These associations lead to formation of a well-ordered RNA layer beneath the protein shell, suggesting that these interactions guide ordered RNA egress.
During infection, viruses undergo conformational changes that lead to delivery of their genome into host cytosol. In human rhinovirus A2, this conversion is triggered by exposure to acid pH in the endosome. The first subviral intermediate, the A-particle, is expanded and has lost the internal viral protein 4 (VP4), but retains its RNA genome. The nucleic acid is subsequently released, presumably through one of the large pores that open at the icosahedral twofold axes, and is transferred along a conduit in the endosomal membrane; the remaining empty capsids, termed B-particles, are shuttled to lysosomes for degradation. Previous structural analyses revealed important differences between the native protein shell and the empty capsid. Nonetheless, little is known of A-particle architecture or conformation of the RNA core. Using 3D cryo-electron microscopy and X-ray crystallography, we found notable changes in RNAprotein contacts during conversion of native virus into the A-particle uncoating intermediate. In the native virion, we confirmed interaction of nucleotide(s) with Trp 38 of VP2 and identified additional contacts with the VP1 N terminus. Study of A-particle structure showed that the VP2 contact is maintained, that VP1 interactions are lost after exit of the VP1 N-terminal extension, and that the RNA also interacts with residues of the VP3 N terminus at the fivefold axis. These associations lead to formation of a well-ordered RNA layer beneath the protein shell, suggesting that these interactions guide ordered RNA egress.
genome uncoating | X-ray analysis | 3D cryo-EM | picornavirus H uman rhinoviruses (HRVs) cause the common cold. Although seldom severe, this disease is widespread and frequent in man; HRVs thus have considerable economic impact due to expenditure on medication and lost working days. More than 150 serotypes belong to the genus Enteroviruses (EVs) of the Picornaviridae family, which includes serious human and animal pathogens. In addition to phylogenetic classification into species A, -B, and -C, HRVs are divided into a minor receptor group (12 HRV-A) that bind low-density lipoprotein receptors (LDLRs), and a major receptor group (more than 89 HRV-A and -B serotypes) that use intercellular adhesion molecule 1 (ICAM-1) for cell entry (1) . HRV-C binds an unknown receptor (2) .
The EV icosahedral shell is built from four viral proteins (VP1-4) that encase a single-stranded (+)-sense RNA genome. Sixty copies each of these four polypeptides assemble on a T = 1 (pseudo T = 3) lattice, ∼30 nm in diameter. VP1, VP2, and VP3 are surface-exposed; the small myristoylated VP4 is internal. In the mature virion, the N-terminal extensions of VP1, VP2, and VP3, together with the entire VP4, interact in an intricate network beneath the shell (Fig. S1) (3, 4) .
In the cytosol, the viral RNA is translated into a ∼250 kDa precursor polyprotein that is processed by viral proteinases. Assembly of the viral shell involves immature pentamers built from VP0, VP1, and VP3. VP2 and VP4 arise late in infection through VP0 cleavage, concomitant with RNA encapsidation. In addition to mature virions, native empty capsids (NECs) of HRV2, HRV14, and equine rhinovirus (5) , and presumably of other EVs, are assembled in the infected cell. They might be direct precursors of native virions, a capsid protein reservoir (6) , and/or the endproduct of an abortive assembly process (7) . NECs attach to the receptor and undergo conformational changes similar to those of the native virus, except that they retain VP4, as it remains connected to VP2 (3, 8) .
All EVs are thought to undergo a similar sequence of events leading to infection. After binding their respective receptors, they are endocytosed. In poliovirus (PV), receptor attachment catalyzes uncoating, but in some HRVs the acidic pH in endosomes is an
Significance
Human rhinoviruses (HRVs) cause the common cold and exacerbate chronic pulmonary diseases. Their single-stranded RNA genome is protected by an icosahedral capsid and must be released into the host cell cytosol for translation and replication. Using X-ray and cryo-EM analyses, we identified structural alterations that take place in the virus architecture during infection. In acidic endosomes in vivo and in our experimental conditions, the native virion is converted into the expanded, porous uncoating intermediate A-particle. This is accompanied by altered RNA-protein contacts at the inner capsid wall, leading to major changes in RNA conformation that result in a well-organized RNA layer. These rearrangements suggest that the RNA-protein interactions prepare RNA and facilitate its subsequent egress via a well-ordered mechanism. additional trigger for the structural changes needed for RNA exit (9, 10) . In minor group HRVs, low pH alone induces these changes (11) . As shown for HRV2 (12) , the acid-triggered beta-propeller switch of the LDLR assists rhinovirus infection. Once the virion is in the late endosomal compartment, it dissociates from its receptor and is simultaneously transformed into the A-particle, which has an expanded shell, lacks VP4, and is more hydrophobic than native virus and NEC due to surface exposure of the amphipathic VP1 Nterminal extension (13). The A-particle can bind directly to the endosomal membrane for RNA translocation (14) , leaving behind the empty B-particle.
Recent work on PV caught in the act of releasing its genome shows the RNA exiting through channels near the twofold axes (15) . The X-ray structure of the HRV2 B-particle showed the details of the structural rearrangements that lead to the endproduct of uncoating (16) . A hinge movement around the hydrophobic pocket in VP1 induces a coordinated displacement of VP2 and VP3, resulting in capsid expansion and the opening of channels in the shell. Similar alterations were observed in EV-71 when the X-ray structures of native virus and expanded NECs were compared (17) .
By solving the 3D cryo-electron microscopy (3D cryo-EM) structures of native HRV2 and its A-particle (the intermediate between native virus and empty capsid) produced by incubation in acidic buffer that mimics the endosomal environment, we identified important changes in the interactions between RNA and the protein shell. We confirm these RNA-protein contacts in the A-particle in our 6.4 Å X-ray structure. The well-ordered RNA layer close to the inner capsid face is stabilized by numerous contacts; this framework might facilitate exit of the genome in a highly ordered, coordinated manner.
Results
Cryo-EM Structures of HRV2 Native and Subviral Particles. A-particles were prepared from purified HRV2 by incubation at pH 5, applied to holey carbon grids, vitrified, and visualized in the electron microscope. The sample before (Fig. 1A ) and after acidification (Fig. 1B) contained similar proportions of empty particles. Negative stain EM and capillary electrophoresis (18) confirmed that no native virus remained in the acidified sample. The four types of particles (full and empty without and with acidification) were selected manually and a 3D reconstruction (3DR) was obtained for each set (Fig. 1 C-F) .
Based on a 0.5 Fourier shell correlation (FSC) threshold, the resolution was 8.2 Å for native HRV2 and 10.9 Å for NEC. For full (A-) and empty (B-) particles in the acidified sample, we obtained a resolution of 8.8 and 9.9 Å, respectively (Fig. S2) . Diameter was determined from spherically averaged radial density plots of the 3DR (Fig. S3) ; it was identical for native HRV2 and NEC (304 Å; Fig. S3A ). This finding and the SDS/ PAGE detection of varying amounts of VP0 in our HRV2 preparations (not shown) confirmed the empty capsids as NECs (5, 17) . A-and B-particles in the acidified sample were 316 Å in diameter (Fig. S3B ). This ∼4% size increase relative to native virions and NECs concurs with X-ray and cryo-EM studies of empty shells from HRV2 and other EVs as obtained after incubation at 50°C to 56°C (19) (20) (21) .
To assess RNA content, the datasets were analyzed for internal density of individual particles within a radius of 113 Å and 120 Å for native and acidified samples, respectively. The bimodal Gaussian distribution was almost identical in both cases. This suggests that the (expanded) empty and full particles generated by acid pH derived mainly from NEC and native HRV2, respectively ( Fig. S4 ). These results indicate that low pH alone is insufficient to trigger conversion of A-into B-particles.
The capsids of the four particle types shared the typical topological features of EVs; the star-shaped "mesas" at the fivefold axes, the canyons surrounding these mesas, and the three-bladed propellers at the threefold axes ( Fig. 1 ). Most evident were the similarities between native virus and NEC, on the one hand ( Fig.  1 C and D) , and the A-and B-particles, on the other ( Fig. 1 E and F). The A-and B-particles were highly porous compared with the native virion. The largest pores were found at the twofold axes between two VP2 molecules (pores I), which were also observed in the X-ray structure of B-particles produced by heating (16); additional pores were observed at the canyon floor at the quasithreefold axis (II) and at the base of the mesa (III) (Fig. S5A ). Pores II were partially occluded by a conspicuous Cryo-electron micrograph of the sample in A after exposure to pH 5 (2.7 μm underfocus; first zero of the CTF at 23 Å). The green asterisk indicates a (full) A-particle and the orange asterisk an (empty) Bparticle. Some broken virions are also observed. (Scale bar, 50 nm.) (C) 3DR of NEC, (D) native HRV2, (E) A-particle, and (F) B-particle. Upper row, the radially color-coded outer surfaces viewed along a twofold axis of symmetry contoured at 2.5 σ above the mean density; lower row, central sections from the 3DR (left half) and 25 Å-thick slabs (right half) contoured at 1 σ above the mean density to highlight the RNA density locations. Darker shading indicates higher density. In D (Upper), the prominent structural features on the capsid exterior are indicated: (i) the star-shaped mesa at the fivefold axis, (ii) the three-bladed propeller at the threefold axis, and (iii) the canyon surrounding the mesa. In D and E, red and black arrows indicate the two-and fivefold axes (lower, right half), respectively. Note the oval pores at the twofold axes in the acid-exposed particles (E and F) and the differences in RNA conformation in native virus (D) and the A-particle (E).
density on the outer surface of the A-particle capsid, not observed on the B-particle capsid. This well-defined density constituted the major difference after subtraction of the B-particle map from the A-particle map (Fig. S5 B , green, C, and D). In light of previous studies of the related PV (22) and Coxsackievirus A 16 (CAV16) (23) , this density at the quasithreefold axis probably corresponds to the externalized VP1 N terminus.
The transverse central sections of the 3D maps emphasize the internal differences, drawing attention to the density corresponding to the genomic RNA ( Fig. 1 C-F , Lower) involved in visible contacts with the protein shell ( Fig. 1 D and E, Lower) . As predicted, RNA was absent from NECs ( Fig. 1C) and from Bparticles in the acidified sample (Fig. 1F) . In native virions, RNA-protein interactions were limited to the twofold axes (Fig.  1D, red arrows) . In the A-particle, these were maintained and new ones formed at the fivefold axes (Fig. 1E, black arrows) . The rearrangements approximate the RNA layer and the inner wall of the shell (Movie S1).
X-Ray Structure of the HRV2 A-Particle. We prepared crystals from virus incubated at pH 5. Diffraction data were collected up to 6.4 Å, and the structure was solved by molecular replacement, starting with the phases that correspond to the HRV2 B-particle structure (16) [retrieved from Protein Data Bank (PDB) ID code 3TN9] (Table S1 ). After density modification using 15-fold noncrystallographic symmetry averaging and solvent flattening, the averaged maps showed that A-and B-particles were almost identical, in accordance with the cryo-EM results; the only notable differences were found at the VP2 N terminus (residues 46-55) and the VP3 F-G loop (residues 149-162) (Fig. S6 ). Again concurring with the cryo-EM data, the X-ray map showed extra density corresponding to partially ordered RNA and RNA-protein contacts at the two-and fivefold axes (see next section).
Switch of RNA-Capsid Contacts After Conversion of Native HRV2 into the A-Particle. Comparison of cryo-EM 3DR of native HRV2 with the cryo-EM and X-ray structures of the A-particle highlighted the distinct interactions of capsid proteins with packaged RNA (Fig. 1 D and E and Fig. 2 A-C) . In native HRV2, contacts occurred only at the twofold axes (Fig. 2A) . Consistent with X-ray data of native HRV2 (4), VP2 Trp 38 contacted RNA nucleotide(s) (Fig. 2D, green arrow) ; this residue is strictly conserved in all HRVs (1) and in various EVs (24) . In addition, we identified previously unreported RNA interactions near the twofold axes, mediated by the VP1 N-terminal region (Fig. 2D,  blue arrow) . No protein-RNA interactions were seen at the fivefold axes (Fig. 2E) , and VP4 appeared to act as a "repellent surface".
Both cryo-EM 3DR and the X-ray structure of the A-particle (Fig. 2 B and C) showed that the VP2 Trp 38 -mediated interactions at the twofold axes were maintained, although slightly displaced relative to their original position in native HRV2 (Fig.  2 F and H, green arrows) . In addition, VP2 Ser 44 contacted the RNA in the X-ray A-particle map (Fig. 2H, open green arrow) . Because the VP1 N-terminal extension was externalized, VP1-mediated interactions were absent in the A-particle (Fig. 2 F  and H) .
The VP3 β-annulus, which was essentially identical in native virus and A-particle (compare Fig. 2E with Fig. 2 G and I) , was exposed at the inner capsid surface after loss of VP4. It now contacted the RNA (Fig. 2 G and I, red arrows) . Direct interactions with Gly 1 and Gln 20 were observed in the crystal structure (Fig. 2I) . The Gly 1 -Leu 2 -Pro 3 segment is strictly conserved in all HRVs (1). All RNA-protein interactions in the A-particle gave rise to a well-structured RNA layer near the inner capsid surface (Fig. 2 B and C) . The VP3-mediated RNA contacts at the fivefold axes have not been defined in other EV uncoating intermediates, presumably because of experimental differences; here we used near-physiological conditions to trigger formation of A-particles.
Interactions Mediated by N-Terminal VP1 Sequences. Comparison of radial density profiles of native HRV2 and NECs showed that the protein shell (radius ∼110-152 Å) had a peak of extra density for the native virus, within the 115-126 Å radius (Fig. S3A , arrow). Calculation of a difference map located this major structural difference to the inner capsid surface close to the twofold axes (Fig. 3 A, blue and B-D) . Fitting the X-ray coordinates of . Envelopes of protein shell and RNA density are depicted as gray and red mesh, respectively. Note the contacts at the twofold axis between the inner capsid surface and the RNA layer outer surface, mediated by VP2 (Trp 38 , green arrow) and VP1 (Asn 21 and Ser 22 , blue arrow), displayed as stick models. VP3 (red) and VP4 (yellow) are shown. (F and G) Similar ∼20 Å-thick slabs of the A-particle at the (F ) two-and (G) fivefold axes. Contacts mediated by VP2 Trp 38 are maintained, although slightly displaced (green arrow); at the fivefold axis, N-terminal VP3 residues interacting with RNA are indicated (red arrows). (H and I) Similar slabs of the A-particle X-ray structure. In addition to the VP2 Trp native HRV2 (PDB ID code 1FPN) into native and NEC cryo-EM maps identified most of the density lacking in the NEC map to the VP1 N-terminal region and the adjacent VP2 loop Ala 47 -Pro 53 ( Fig. 3 A and B) . The disorder of these regions in NECs is consistent with their ordering in native HRV2 (4), where the VP1 Glu 52 -Gln 57 segment interacts with the VP2 Leu 42 -Lys 52 region ( Fig. 3 E, C, and D). Their ordered state appeared to correlate with encapsidated RNA that interacts with the VP1 N terminus (Fig. 3A, striped areas) . Native HRV2 showed previously unreported interactions with RNA near the twofold axis mediated by the VP1 N terminus. Fitting of the native X-ray coordinates suggested that this region corresponds to the Asn 21 -Ser 22 tract (Fig. 2D, blue arrow) . The cross-section of interacting areas in these VP1-mediated contacts was larger than those mediated by VP2. As for the X-ray structure of native HRV2, the VP1 N-terminal extension is folded as a long arm that bends back over itself, resulting in roughly antiparallel strands (Fig. 3B) ; Asn 21 -Ser 22 (which interact with RNA) and Glu 52 -Gln 57 (which interact with the VP2 loop) are thus positioned almost in front of each other, forming a ternary network (Fig. 3) .
Discussion
Members of the genus EV, such as HRV, assemble from protein precursors into a robust (but dynamic) capsid stabilized by an internal network of interactions of the N-terminal extensions of the major capsid proteins VP1-VP3 (Fig. S1) (4) . In addition to native virions, NECs are assembled from VP1, VP0 (the precursor of VP2 and VP4), and VP3. Their structural analysis has been valuable for understanding viral assembly and uncoating processes (3, 25) .
Our cryo-EM data for native HRV2 indicate that the VP1 Nterminal segment is directly involved in interactions with RNA; the Asn 21 . These previously unidentified RNA-VP1 contacts (4) suggest that during HRV2 capsid assembly, the packaged RNA acts as a scaffold that promotes ordering of N-terminal extensions (not only for VP1) and increases virion stability. Whereas the VP2 Trp 38 -mediated interaction with RNA is conserved in all EVs analyzed so far (4, 17) , interactions with VP1 (and other capsid proteins) vary in other EVs; for example, in EV71, VP1 Gln 30 and VP3 Gln 48 interact with nucleotides. Our preparation of purified HRV2 contained almost 20% NEC, allowing their direct structural comparison with native virus. The major NEC fraction has identical antigenic makeup and receptor binding as full virions (5, 26) and the same size (Fig.   S3) . Nonetheless, the inner surfaces vary, and difference mapping showed clear conformational disparities (Fig. 3) . Whereas VP1 N-terminal sequences (residues Leu 15 -Thr 61 ) and the VP2 loop Ala 47 -Pro 53 are well ordered in the native virion, both are disordered in NEC; this leads to an overall loss of contacts and suggests that the protein network is maintained only in the presence of the RNA. The X-ray structure of empty PV shows similar disorder in capsid-internal regions (27) . The disorder of the VP1 N-terminal segment and the VP2 loop is not associated with capsid expansion in HRV2 (there must be additional disordered segments in NEC capsid proteins not apparent in our analysis, including all of VP4). EV71 can expand spontaneously (17), indicating differences among EVs.
In contrast to the EV species A-D, the three HRV species are acid labile; after entry into late endosomes, HRV2 undergoes conformational modifications and gives rise to A-particles. These intermediates are expanded, lack VP4, and have channels that cross the protein shell and surface-exposed amphipathic VP1 N-terminal extensions. Extrusion of the genomic RNA into the host cytoplasm converts them into (empty) B-particles. Our X-ray and cryo-EM 3D structures of A-particles are probably a faithful representation of the uncoating intermediate generated during infection, as they were obtained by acidification, as occurs in the endosome, rather than by heating. Comparison of the X-ray structures shows that except for minor differences in the VP2 N-terminal region (residues 46-55) and in the VP3 F-G loop (residues 149-162), A-and B-particle shells are identical. This indicates that the presence of the RNA in the expanded particle induces neither positive nor negative strain. In the native virion, however, it participates in the maintenance of the Nterminal capsid protein network through interaction with the VP1 N-terminal segment and the VP2 loop (see Interactions Mediated by N-Terminal VP1 Sequences). This important structural role is observed in many other RNA viruses (28) . The acidtriggered conversion into the A-particle not only breaks these connections, but also results in a major restructuring of the RNA; whereas its contacts with Trp 38 are maintained, new contacts are established with the now-accessible β-tubes built of the five intertwined copies of VP3 at the fivefold axes. As a consequence, before its release into host cytosol, the RNA constitutes a wellordered layer, closely associated with the capsid inner surface through interactions with VP2 and VP3 in the A-particle state. The recently described structure of the CAV16 A-particle (23) shows that RNA-protein contacts are roughly conserved at the two-and fivefold axes, although the interacting residues cannot be discerned precisely from these ∼6 Å X-ray maps (Fig. S7) . In both structures, the gap between the RNA outer layer and the capsid inner surface is ∼15 Å. Conformational changes associated with HRV2 uncoating were described in detail from near-atomic resolution X-ray analysis of B-particles obtained by heating (16) ; the acid environment in late endosomes must trigger release of the pocket factor to allow the hinge movement in VP1. This movement induces the concerted displacement of VP2 and VP3, forcing reorganization of the protomer interfaces that lead to capsid expansion and irreversible formation of channels that act as gateways for externalization of protein segments (VP4 and VP1 N termini) and viral RNA (16) . These conformational changes appear to be similar to those described for EV71 and PV (17, 29) . We found that incubation of a mixture of ∼80% native HRV2 and 20% NEC at acid pH resulted in a similar ratio of (now expanded) full and empty particles (Fig. 1) . The bimodal Gaussian distributions of RNA content of the individual particles were also similar (Fig. S4 ). This suggests that acidification transformed native HRV2 into the A-particle stage and NEC into B-particles. Conversion of A-(and native HRV2) into B-particles at low pH is thus very inefficient in vitro, indicating that low pH does not suffice for productive uncoating (18) . This process might be catalyzed in vivo by insertion of the amphipathic exposed N-terminal VP1 helices into membranes and/or by a specific ionic milieu (30, 31) (Fig. 4 ).
These and previous findings (32) imply that heating and acidification should no longer be considered equivalent triggers for HRV2 uncoating (Fig. 4) ; whereas heating of native HRV2 results in B-particles (expansion plus uncoating), simple acidification gives rise to A-particles (expansion only). Our present structural data also strongly suggest that the transition of the VP2 segment (including residues ∼40-50) from ordered to disordered conformation is implicated in expansion and/or uncoating. The VP2 segment participates in 60 triple RNA-VP1-VP2 interactions critical for the correct positioning of the VP1 N terminus in the native HRV2 capsid, relieving stress on the VP1 N terminus and allowing its externalization through one of the newly formed pores. Externalization of VP4 and the VP1 N terminus, together with capsid expansion, implies more space and thus less strain on the RNA. The VP3-interacting regions might control the more relaxed state of the RNA molecule-for example, to avoid tangling and provide a 3D framework for ordered RNA exit. In this model, the contacts with the inner capsid surface would be dynamic, acting like rails that conduct the RNA strands toward the release channel.
Materials and Methods
Production of Native Virus and Subviral Particles. HRV2 was produced and purified as described (33) , and the virus pellet was dispersed in 50 mM Na borate buffer (pH 7.4). To generate A-particles, HRV2 (5-7 mg/mL) in the same buffer was brought to pH 5 with 1.4 vol 50 mM Na acetate, pH 5 [15 min, room temperature (RT)], reneutralized with 1.2 vol 100 mM Na borate buffer, pH 8.3, and incubated (1 h, RT).
Cryo-EM. Samples (4 μL) were applied to Quantifoil glow-discharged grids in a humidified chamber, blotted, and plunged into liquid ethane following standard procedures (34) . Micrographs were recorded in low-dose conditions (∼20 e − /Å 2 ) in a FEI Tecnai F30 Polara cryo-electron microscope (300 kV) with C2 and objective aperture of 70 and 100 μm. Images were acquired between 0.8 and 3.5 μm underfocus with a Gatan Ultrascan 4000 4k CCD camera, using Leginon automatic image acquisition software (35) . CCD frames were recorded at detector magnification of 79,372x (1.89 Å/pixel sampling rate).
Image Processing. Images were processed using Xmipp (36) . Automatic particle picking was used to select individual images for NEC, native HRV2, and A-and B-particles. Defocus was determined with CTFfind (37) . Particle origin and orientation determined with Xmipp via iterative projection matching using the HRV2 X-ray structure (4) low pass-filtered to 30 Å as the starting map. For the slightly larger A-particles, we used a size-scaled low-resolution HRV2 map. Resolution was assessed by FSC between independent halfdataset maps, applying a correlation limit of 0.5. After the independent refinements, 2,223, 7,946, 15,170, and 2,976 particles were included in the respective NEC, native HRV2, and A-and B-particle 3DRs. Amplitude decay was calculated using spatial frequency components from cryo-EM maps and the HRV2 X-ray map (PDB ID code 1FPN) for NEC, native HRV2, and the 80S HRV2 X-ray map (PDB ID code 3TN9) for A-and B-particles. The decay profile of the cryo-EM maps was adjusted to match the profile of the X-ray maps, the fitted function was applied to the cryo-EM maps in the frequency range from 230 Å to the maximum resolution achieved, and a soft low-pass filter was applied. For difference map calculations, spherically averaged radial density profiles were calculated, normalized, and scaled to match the fit between the profiles of cryo-EM maps and atomic models. The two 3DRs were subtracted and rendered at 3 σ above the mean density; at that contour level, the difference density is rendered similarly on the parental 3D model. Statistical significance of the difference densities was evaluated by measurement of the average density centered on designated spots in the two (raw) 3D maps used in the subtraction. These spots corresponded to the major differences shown in Fig. 3A (densities in blue) . Average densities computed from cubes (with a side dimension of 7.6-11.4 Å) are referred to as an estimation of occupancy relative to capsid density (in which maximum occupancy is given).
Crystallization and Data Collection. Crystals were obtained by the vapor diffusion method in hanging drops at 20°C by mixing equal volumes of 135S particles (2 mg/mL) and a reservoir solution containing 0.5-0.7 M Na acetate in Na phosphate buffer with pH ranging from 7.5 to 9.0, containing 5% glycerol (vol/vol). Crystals were transferred to a cryoprotective solution with 20% (vol/vol) glycerol in the crystallization buffer, and flash-cooled in liquid Fig. 4 . Relationship between HRV2 expansion/uncoating and low pH/heatinduced changes. HRV2 capsids are represented as 25 Å slabs, colored as in Fig. 1 , viewed along an icosahedral twofold axis. Virions were purified as a mixture of empty (NEC) and full (native HRV2) particles; their simultaneous coexistence indicates that ordering of the VP1 N-terminal segment is promoted by ordered RNA segments that participate in the internal network. RNA helps to stabilize the triple RNA-VP1-VP2 sandwich, in which RNA and the VP2 segment (residues ∼40-50) form a clamp around the VP1 N terminus. When the pH is lowered to 5.0 for 15 min (red arrows), NECs expand to the B-particle conformation and the native HRV2 to A-particles; direct conversion of native HRV2 into B-particles (or through the A-particle stage) is minor. Major morphological changes include reduction in capsid wall thickness, pore formation, and VP4 and VP1 N terminus externalization. These conformational changes indicate that capsid expansion depends on low pH and that the genome has no role in this process. After heating to 56°C for 10-12 min (black arrow), NEC and native HRV2 are transformed into B-particles (16) . RNA exit [i.e., conversion of A-into B-particles (blue arrow)] might require lipid bilayers and/or specific ion gradients; indicated as "??").
